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Abstract: Trends in the extreme rainfall regimes were analyzed at 24 stations of Florida for four
analysis periods: 1950–2010, 1960–2010, 1970–2010, and 1980–2010. A trend-free pre-whitening
approach was utilized to correct data for autocorrelations. Non-parametric Mann-Kendall test
and Theil-Sen approach were employed to detect and estimate trends in the magnitude of annual
maximum rainfalls and in the number of annual above-threshold events (i.e., frequency). A bootstrap
resampling approach was used to account for cross-correlations across sites and evaluate the global
significance of trends at the 10% level (p-value ≤ 0.10). Dominant locally significant (p-value ≤ 0.10)
increasing trends were found in the magnitudes of 1–12 h extreme rainfalls for the longest period,
and in 6 h to 7 day rainfalls for the shortest period. The trends in 2–12 h rainfalls were also globally
significant (i.e., exceeded the trends that could occur by chance). In contrast, globally significant
decreasing trends were noted in the annual number of 1–3 h, 1–6 h, and 3–6 h extreme rainfalls
during 1950–2010, 1960–2010, and 1980–2010, respectively. Trends in the number of 1–7 day extreme
rainfalls were mixed, lacking global significance. Our findings would guide stormwater management
in tropical/subtropical environments of Florida and around the world.

Keywords: trends; extreme rainfalls; Florida; tropical/subtropical environments; Mann-Kendall test;
stormwater management

1. Introduction

Changes in precipitation depth, duration, and frequency affect the overall hydrological and
environmental processes. The IPCC assessment reports (AR4 and AR5) indicated increases in extreme
precipitation events since the mid-20th century [1,2]. The general circulation models (GCMs) projected
higher increases in extreme precipitations than the mean precipitations in many parts of the world [3–5].
Increase in heavy precipitations raises the risk of flash floods, more notably in urban settings [6,7].
However, the coarse-scale projections from GCMs can often miss the unique meteorological and climatic
processes in Florida peninsula, which encounters large spatiotemporal variation in rainfalls [8,9].
Florida is home for critical crop agriculture, several national parks (e.g., Everglades), mass tourisms,
and the fastest growing urban centers (e.g., Miami, Tampa, Orlando) of USA. Frequent tropical
(e.g., hurricane) and non-tropical rainfall events, low elevations and flat topography, and sea level rise
make Florida particularly vulnerable to flooding. Investigation of the long-term trends in extreme
rainfall events is, therefore, crucial for agricultural, environmental, and economic sustainability of
Florida and the U.S.
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Many studies have been conducted to detect long-term trends of precipitation in the U.S. and
around the world. Among the earlier studies, Lettenmaier et al. [10] examined monthly precipitation
trends for the continental U.S. during 1948–1988, and identified increases in precipitation from
September through December especially for the central part of the country. Large increases in fall
precipitations over several decades was also observed in the eastern U.S. [11] and in the central and
southern U.S. [12]. Karl and Knight [13] estimated 10% increase in annual precipitation over the
U.S. for the duration of 1910–1996. More increasing than decreasing trends in annual precipitation
were found in the U.S. central plains and Midwest over the past century [14]. Among the later
studies, Sayemuzzaman and Jha [15] reported notable increasing trends in winter precipitations and
decreasing trends in fall precipitation for the state of North Carolina (NC) during 1950–2009. They also
found mixed (increasing/decreasing) trends in spring, summer, and annual precipitations for NC.
Longueville et al. [16] found a significant decreasing trend in the annual total rainfall for Burkina Faso,
West Africa during 1950–2013. Luong et al. [17] also reported a decreasing trend in the annual mean
rainfall in Jeddah, Saudi Arabia during 1979–2018.

Previous studies have found it pivotal to identify and estimate trends in precipitation extremes
so that the research outcomes can be used to implement a range of adaptation options to manage
the potential stormwater quantity and quality. For example, Frich et al. [18] used a global dataset to
investigate the impacts of climate change on the extreme events over the second half of the 20th century.
They observed significant global increases in the extreme precipitation amounts and frequencies. Costa
and Soares [19] found an evidence of increasing short-term precipitation intensity in the southern
Portugal during the last three decades of 20th century. Burn et al. [20] reported generally increasing
trends in the extreme rainfall events, particularly in summer season and in rainfall regimes of short
durations, across British Columbia, Canada. In a follow up study, Burn and Taleghani [21] found
more increasing than decreasing trends and larger changes in the longer duration rainfalls over
entire Canada. Yilmaz et al. [22] examined trends in extreme rainfall data for Melbourne (Australia)
and detected statistically significant increasing trends for storm durations of 30 min, 3 h, and 48 h.
Longueville et al. [16] reported mixed increasing and decreasing trends in 1 and 5 day extreme rainfall
magnitudes over Burkina Faso during 1950–2013. Malik et al. [23] detected increasing trends in
1 day extreme rainfalls during 1871–2012 in parts of Pakistan, northwest Himalaya, and central India.
Luong et al. [17] found that extreme rainfalls had been more intense, but less frequent over Jeddah,
Saudi Arabia during 1979–2018. On a global scale, however, Papalexiou and Montanari [24] reported
overall increasing trends in extreme precipitations under global warming during 1960–2013.

Kunkel et al. [25] examined extreme precipitation events (1, 5, 10, and 30 day durations; with return
periods of 1, 5, and 20 years) in the U.S. for 1895–2000. They found relatively high occurrences of
extreme events during the late 20th/early 21st centuries. In a follow-up study, Kunkel et al. [26] used U.S.
Cooperative Observer Network (COOP) data to assess the uncertainty in heavy precipitation frequency,
and corroborated the findings of Kunkel et al. [25]. Mishra and Singh [27] fitted generalized extreme
value (GEV) distribution to precipitation extremes in Texas. They identified distinguished patterns in
1, 7, and 30 day annual maximum events between pre- and post-climatic change periods (1925–1964
and 1965–2005, respectively). Keuser [28] investigated changes in mean and extreme precipitations in
the metropolitan areas of Wisconsin for 1950–2006. They found no trends in extreme precipitations,
but significant increasing trends for annual precipitation, particularly in the northern metropolises.
Peterson et al. [29] concluded that the heavy precipitations had been increasing over the last half of
20th century in North America, and the average amount of wet days had also been increasing. Powell
and Keim [30] found overall increasing trends in both magnitude and frequency of extreme rainfalls
during 1948–2012 in the southeastern U.S. Armal et al. [31] reported mostly significant increasing
trends in the annual frequency of above-threshold events for daily rainfalls during 1900–2014 over the
contiguous U.S.

Several studies investigated the long-term precipitation trends and variability in Florida.
Nadarajah [32] fitted GEV distribution to the annual maxima of daily rainfall data during 1901–2003
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for west-central Florida. The study found significant decreasing trends for majority stations. However,
the study focused on a small region and did not represent the entire state of Florida. Martinez et al. [33]
examined the monthly, seasonal, and annual precipitation trends over Florida, reporting significant
decreasing trends in October and May rainfalls for the 1895–2009 and 1970–2009 periods, respectively.
The study did not analyze trends in extreme rainfall regimes. Irizarry-Ortiz et al. [9] reported a general
decline in wet season precipitations across Florida. They mainly focused on presenting historical
trends in temperatures. Although they analyzed trends in 1–7 day extreme rainfalls, trends in 1–12 h
extreme rainfalls remained unexplored. However, intense short duration rainfalls can lead to flash
flooding; evident trends in short duration rainfalls typically represent underlying climatic changes [34].
Teegavarapu et al. [35] explored the links (teleconnections) of Atlantic Multi-decadal Oscillation (AMO)
to the extreme rainfalls of hourly and daily durations over Florida. They found linkages of spatial
and temporal variability in extreme precipitations with the warm (1942–1969 and 1995–2010) and cool
(1970–1995) phases of AMO. However, given the different study focus, they did not estimate the overall
long-term historical trends in extreme rainfalls of hourly and daily durations over Florida.

This paper aims to analyze the long-term trends in the magnitudes and frequencies of extreme
rainfall regimes of hourly through daily durations over Florida. Hourly rainfalls from 24 gauge stations
across Florida were processed and aggregated to derive the annual maximum time-series of rainfall
magnitudes and the number of above-threshold (99th percentile) events for 12 durations: 1, 2, 3, 6, and
12 h, as well as 1, 2, 3, 4, 5, 6, and 7 days. The analyses were conducted for four historical periods:
1950–2010, 1960–2010, 1970–2010, and 1980–2010. A trend-free pre-whitening approach was utilized
to correct the derived annual time-series data for autocorrelations. Non-parametric Mann-Kendall
test [36–38] and Theil-Sen approach [39,40] were employed to detect and estimate trends. A bootstrap
resampling approach was used to account for cross-correlations across sites and evaluate the global
(i.e., field) significance of trends, which indicated whether the number of rainfall stations with locally
(i.e., at-site level) significant trends had exceeded the number expected to occur by chance.

2. Materials and Methods

2.1. Study Area

The study area represents the entire state of Florida (Figure 1). To interpret the spatial patterns
of trends, we leveraged the boundaries of five water management districts: Northwest Florida,
Suwannee River Basin, St. Johns River Basin, Southwest Florida, and South Florida. The major cities
and towns of Florida are also stated on a separate map (Figure 2) to provide local context into the
trend results.

The state of Florida has a total area of 58,560 square miles with a population of around
19 million. The geographic area can be divided into two major parts: Florida Panhandle and
Peninsula. The peninsula is located between the Atlantic Ocean, the Gulf of Mexico, and the Straits
of Florida. The climate for majority of the state can be characterized as subtropical; however, the
southernmost areas experience a tropical climate. High temperature and high relative humidity classify
this state as hot and humid for most of the year [9]. Florida has mainly two distinct seasons (wet and
dry). The wet season typically persists from May to October; the dry season lasts from November
to April [35]. The average annual rainfall is about 1360 mm/year [41]. More than half of the rain
occurs in the wet season, which is associated with thunderstorms, squalls, and tropical cyclones [42].
The panhandle experiences maximum rainfall in the region, whereas the least rainfall occurs in the
keys [43]. The sea breeze circulation of the coastal areas has an effect on enhancing convection that
characterizes the wet season precipitation, whereas the dry season precipitation is largely influenced by
the frontal systems [44]. In south Florida, a higher amount of precipitation occurs in the urbanized east
coast than the interior and west coast [9]. The AMO, El Niño Southern Oscillation (ENSO), and Pacific
Decadal Oscillation (PDO) influence rainfalls mainly in central and south Florida [45].
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Figure 1. Study area map indicating the stations used for long-term precipitation trend analysis.
Number below the station indicates the COOP ID provided by the U.S. National Climatic Data Center.

2.2. Data Sets

The hourly precipitation data of 1950–2010 were collected from the National Climatic Data
Center [46] for 24 rain gauge stations across Florida (Figure 1, Table 1). The rain gauge stations were
selected based on their record length and completeness. Any year having more than 30% missing
values was eliminated from the dataset. The hourly data were aggregated to derive the rainfall events
for durations of 2, 3, 6, and 12 h, as well as of 1, 2, 3, 4, 5, 6, and 7 days. The dataset was then used
to derive, on an annual basis, the magnitude of the maximum rainfall events and the number of
above-threshold events (i.e., frequency) for the 12 individual durations. The thresholds were defined
by sorting data for each rainfall station and duration in an ascending order. The 99th percentile rainfall
magnitudes were used as the threshold values for various durations at each station separately for
the entire data period (1950–2010). Trends in the magnitude and number of above-threshold events
for different extremes were investigated for four analysis periods: 1950–2010, 1960–2010, 1970–2010,
and 1980–2010. Stations having more than four missing years in each period were excluded from
the analyses to avoid any bias from excessive missing data. The longer periods of 1950–2010 and
1960–2010 included 13 and 18 stations, respectively; each of the later periods (1970–2010, 1980–2010)
had 24 stations.
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Figure 2. The major cities and towns of mainland Florida. The legend describes the five major water
management districts of Florida.

2.3. Methods

The Mann-Kendall non-parametric method [36–38] was used to detect trends in the extreme
rainfall time-series of different durations. Many studies have effectively used this rank-based method
to determine trends in hydro-climatological data [47–49]. Mann-Kendall test is well-documented in
literature (see Burn and Hag Elnur [50]; Burn et al. [51]; Novotny and Stefan [52]). A comprehensive and
complete description of the methodology employed for this current paper is available in Burn et al. [51].
Before applying this test, each time-series was corrected for auto or serial correlations by using a
trend-free pre-whitening approach [51,53,54]. The Mann-Kendall test provided the local or at-site
level significance of the detected trends. The global or field significance of the detected trends were
determined by employing a bootstrap resampling approach [50,51]. The global significance test
accounted for the cross-correlation structure of data across all stations and indicated whether the
number of rainfall stations with locally significant trends in extreme rainfall of each duration had
exceeded the number expected to occur by chance. The detected trends were evaluated at the 10%
significance level (p-value≤ 0.10) for both Mann-Kendall test statistic and bootstrap methods. The trend
slopes (β) were estimated by using the Theil-Sen approach [39,40]. Sen’s estimator has been extensively
used as a robust predictor of trend slope in many previous studies [51,55–57].
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Table 1. Summary of the 24 rainfall gauging stations located across Florida.

COOP
Site ID

Station Name
Latitude

(◦N)
Longitude

(◦W)
Elevation

(m)

Period of Record

Start End

084570 Key West International Airport 24.55 −81.75 1.2 3/1/1958 12/31/2010
089010 Trail Glade Ranges 25.77 −80.47 3.0 1/1/1973 12/1/2010
085663 Miami International Airport 25.82 −80.28 7.0 1/1/1951 12/31/2010
080845 Boca Raton 26.37 −80.11 4.3 1/1/1950 12/1/2010
083186 Fort Myers Page Field Airport 26.59 −81.86 4.6 1/1/1960 12/27/2010
089525 West Palm Beach International Airport 26.68 −80.10 5.8 1/1/1950 12/26/2010
089176 Venice 27.10 −82.44 2.4 2/1/1950 12/26/2010
089184 Venus 27.14 −81.33 49.1 1/1/1950 12/26/2010
089219 Vero Beach 4 SE 27.63 −80.45 6.1 5/1/1965 12/21/2010
087886 St. Petersburg Albert Whitted Airport 27.76 −82.63 2.4 1/1/1950 11/1/2010
088788 Tampa International Airport 27.96 −82.54 5.8 1/1/1950 12/26/2010
085612 Melbourne Weather Forecast Office 28.11 −80.65 10.7 1/1/1950 12/22/2010
086628 Orlando International Airport 28.43 −81.33 27.4 5/1/1974 12/26/2010
081048 Brooksville 7 SSW 28.48 −82.44 20.4 1/1/1972 12/18/2010
085076 Lisbon 28.88 −81.80 21.0 1/1/1959 12/25/2010
084273 Inglis 3 E 29.03 −82.62 9.1 1/1/1950 12/26/2010
082158 Daytona Beach International Airport 29.18 −81.05 9.4 1/1/1950 12/26/2010
082008 Cross City 2 WNW 29.65 −83.17 12.8 7/1/1966 12/25/2010
085391 Marineland 29.67 −81.22 1.5 1/1/1950 12/25/2010
080975 Branford 29.96 −82.91 9.1 1/1/1950 12/25/2010
086842 Panama City 30.22 −85.60 9.8 1/1/1972 12/25/2010
088758 Tallahassee Regional Airport 30.39 −84.35 16.8 6/1/1958 12/26/2010
084358 Jacksonville International Airport 30.42 −81.65 11.9 1/1/1950 12/26/2010
083538 Graceville 1 SW 30.96 −85.53 48.8 1/1/1950 12/25/2010

Note: The COOP station IDs were provided by the U.S. National Climatic Data Center.

3. Results

3.1. Trends in the Magnitude of Annual Maximum Events

Magnitude of the annual maximum rainfalls mostly exhibited more increasing than decreasing
significant trends in Florida across the different periods of analysis (Table 2). During the longest study
period of 1950–2010 (61 years), only significant increasing trends were found in the 1–12 h and 1 day
extreme rainfalls, whereas 2–7 day extreme rainfalls had no significant trends. Slope of the locally
significant trends typically increased with the increased durations, ranging from 0.15 to 0.64 mm/year
for 1 h to 1 day rainfalls, respectively (Table 2). The number of stations with the significant trends
ranged from 8% (1 station) to 38% (5 stations), out of the 13 stations with available data records for this
61 year period. Based on the bootstrap resampling method, the increasing trends in only the 2–12 h
extreme rainfall regimes were globally significant.

The 1960–2010 (51 years) period also had locally significant increasing only trends in extreme
rainfalls of 1–12 h durations (except for the 3 h rainfall), demonstrating an increase of 0.23 to
0.76 mm/year (Table 2). Additionally, the 51 year time-frame indicated significant increasing trends in
the 4–7 day rainfalls (0.72 to 0.85 mm/year), although the 1–3 day extreme rainfalls had no significant
trends. However, the detected locally significant trends were found at only 6% (1 station) of 18 available
stations and were not globally significant.

The 1970–2010 (41 years) period did not exhibit any significant trends in the 1–3 h extreme
rainfalls (Table 2). The 41 year period had significant increasing trends in the 6 h to 7 day rainfalls
(0.73 to 1.49 mm/year). Additionally, the 5 day rainfall also exhibited significant decreasing trends
(1.04 mm/year). The locally significant increasing trends for the various durations were found at 4%
(1 station) to 25% (6 stations) of the 24 available stations. The significant decreasing trend in the 5 day
rainfall was noted for a single station (4%). Only the trends in 6 and 7 day extreme rainfalls were
globally significant for this study period.
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Table 2. Percentage (%) of stations with significant trends and the corresponding trend-slopes (in
parentheses; mm/year) for the magnitude of annual maximum rainfalls.

Rainfall
Durations

Periods of Analysis

1950–2010
(13 Stations)

1960–2010
(18 Stations)

1970–2010
(24 Stations)

1980–2010
(24 Stations)

+ve −ve +ve −ve +ve −ve +ve −ve

1 h 15 (0.15) 0 6 (0.24) 0 0 0 8 (0.49) 8 (0.60)
2 h 38 (0.26) 0 6 (0.23) 0 0 0 4 (0.76) 8 (0.83)
3 h 31 (0.36) 0 0 0 0 0 4 (0.97) 8 (0.93)
6 h 23 (0.48) 0 6 (0.76) 0 4 (0.89) 0 8 (1.41) 4 (0.95)
12 h 23 (0.53) 0 6 (0.70) 0 8 (0.73) 0 13 (1.50) 4 (0.89)

1 day 8 (0.64) 0 0 0 8 (1.15) 0 13 (2.03) 0
2 days 0 0 0 0 17 (1.13) 0 13 (2.07) 4 (1.74)
3 days 0 0 0 0 17 (1.30) 0 13 (2.46) 4 (2.18)
4 days 0 0 6 (0.72) 0 13 (1.42) 0 13 (2.58) 8 (2.29)
5 days 0 0 6 (0.83) 0 8 (1.45) 4 (1.04) 13 (2.54) 8 (2.15)
6 days 0 0 6 (0.79) 0 21 (1.30) 0 17 (2.22) 8 (2.08)
7 days 0 0 6 (0.85) 0 25 (1.49) 0 13 (2.76) 8 (2.16)

Notes: Entries in bold indicate globally significant trends at the 10% level (p-value ≤ 0.10). Increasing and decreasing
trends are indicated by positive (+ve) and negative (–ve) signs, respectively. For each duration, reported slopes
represent the average of Sen slopes across the stations with significant trends (p-value ≤ 0.10).

The 1980–2010 (31 year) period showed both locally significant increasing and decreasing trends
in extreme rainfalls of various durations (Table 2). The shorter rainfall regimes (1–3 h) had either equal
number of sites with both type of trends or more stations with decreasing trends. However, the medium
to longer duration rainfalls (6 h to 7 day) exhibited consistently higher percentages of increasing than
decreasing trends. In particular, the 1 day extreme rainfall regime did not have any station with a
significant decreasing trend. The trend slopes suggested an increase of 0.49 to 2.76 mm/year, as well as
a decrease of 0.60 to 2.29 mm/year. However, number of stations demonstrating a significant trend
(increasing or decreasing) ranged from 4% (1 station) to 17% (4 stations), out of the 24 available stations.
Based on the bootstrap resampling method, none of the detected trends in the extreme rainfall regimes
were globally significant for this period.

3.2. Trends in the Annual Number of Above-Threshold Events

The annual number of above-threshold events indicated dominant decreasing trends in the
shorter duration rainfalls for all periods of analysis (Table 3). During 1950–2010, 15% (2 stations) to
54% (7 stations) of 13 available stations had locally significant decreasing trends for 1–6 h rainfalls,
representing a rate of decrease by 0.45 to 0.70 events/year. Based on the product (multiplication) of the
fractional trend-slopes and period of analysis, the number of above-threshold events had decreased by
approximately 27 to 43 events for 1–6 h rainfalls during the 61 year period. In contrast, significant
increasing trends were found only for 1 h (0.30 events/year) and 2 day (0.68 events/year) rainfalls for
1 and 2 stations, respectively. Over this longest study period, the number of 1 h and 2 day rainfalls,
therefore, increased by 18 and 41 events, respectively. However, the increasing trends in 1 h rainfall
were displayed by a much lower number (8%) of stations than that (54%) exhibiting a decreasing
trend. In fact, only the decreasing trends in 1–3 h rainfalls were globally significant. Furthermore,
trends in the annual number of other extreme rainfall regimes (12 h, 1 day, and 2–7 day) were not
statistically significant.
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Table 3. Percentage (%) of stations with significant trends and the corresponding trend-slopes (in
parentheses; events/year) for the annual number of above-threshold events.

Rainfall
Durations

Periods of Analysis

1950–2010
(13 Stations)

1960–2010
(18 Stations)

1970–2010
(24 Stations)

1980–2010
(24 Stations)

+ve −ve +ve −ve +ve −ve +ve −ve

1 h 8 (0.30) 54 (0.70) 6 (0.25) 44 (0.65) 4 (0.48) 17 (0.58) 4 (1.07) 8 (1.38)
2 h 0 31 (0.45) 6 (0.35) 28 (0.58) 8 (0.52) 17 (0.72) 4 (1.05) 17 (1.08)
3 h 0 23 (0.46) 6 (0.44) 28 (0.56) 8 (0.63) 17 (0.73) 0 21 (1.06)

6 h 0 15 (0.50) 0 22 (0.56) 8 (0.82) 17 (0.76) 0 21 (1.36)

12 h 0 0 0 0 8 (1.01) 8 (0.77) 0 17 (1.56)
1 day 0 0 0 0 8 (1.18) 0 4 (1.82) 8 (2.15)
2 days 15 (0.68) 0 0 0 0 0 0 8 (2.94)
3 days 0 0 0 0 4 (1.30) 0 8 (2.24) 13 (2.52)
4 days 0 0 0 0 8 (1.09) 0 4 (3.25) 13 (2.42)
5 days 0 0 0 0 13 (0.90) 0 4 (2.15) 8 (3.19)
6 days 0 0 0 0 17 (1.00) 0 17 (1.79) 13 (2.51)
7 days 0 0 6 (0.21) 6 (0.37) 13 (0.83) 0 17 (2.27) 8 (2.48)

Notes: Entries in bold indicate field (globally) significant trends at the 10% level (p-value ≤ 0.10). Increasing and
decreasing trends are indicated by positive (+ve) and negative (–ve) signs, respectively. For each duration, reported
slopes represent the average of Sen slopes across the stations with significant trends (p-value ≤ 0.10).

The 1960–2010 period exhibited 22 to 44% (4 to 8 stations, respectively) of 18 available stations
with locally and globally significant decreasing trends (0.56 to 0.65 events/year) in the annual number
of 1–6 h rainfalls (Table 3). However, 6% station (1 station) also showed a significant increasing trend
in the number of 1–3 h rainfalls at the rates of 0.25 to 0.44 events/year. Further, significant increasing
(0.21 events/year) and decreasing (0.37 events/year) trends were found in the 7 day rainfall for an equal
number (6%) of stations. However, the increasing trends in 1–3 h rainfalls and the mixed trends in
7 day rainfall were not globally significant. Further, no trends in the annual number of 12 h to 6 day
rainfalls were statistically significant. The product of the fractional trend-slopes and period of analysis
suggested that the number of above-threshold events for 1–6 h rainfalls had decreased by 29 to 33 events
during the 51 year period. In contrast, the number of above-threshold events for 1–3 h rainfalls for a
much smaller percentage of stations increased by 13 to 22 events. For a similarly small percentage of
stations, the number of 7 day rainfall increased and decreased by 11 and 19 events, respectively.

The 1970–2010 period had 17% (4 stations) and 4 to 8% (1 to 2 stations) of 24 available stations
with, respectively, locally significant decreasing and increasing trends in the annual number of 1–6 h
rainfalls (Table 3). The decreasing trends ranged from 0.58 to 0.76 events/year, whereas the increasing
trends ranged from 0.48 to 0.82 events/year. The number of 12 h rainfall had an equal number (8%) of
stations with locally significant increasing and decreasing trends at the rates of 0.77 to 1.01 events/year.
The annual number of 2 day rainfall did not have any significant trends. However, locally significant
increasing only trends were found in the number of 1 day and 3–7 day rainfalls at the rates of 0.83 to
1.30 events/year at 4 to 17% stations. Based on the product of fractional trend-slopes and the period of
analysis, the number of above-threshold events for 1–6 h rainfalls had decreased and increased (albeit
at fewer stations), respectively, by 24 to 31 and 20 to 34 events. In contrast, the number of 12 h rainfall
increased and decreased by 41 and 32 events, respectively. Further, the number of 1 day and 3–7 day
rainfalls increased by 34 to 53 events. However, no trends were globally significant in this 41 year
period of analysis.

The 1980–2010 period demonstrated more decreasing than increasing trends in all but 6–7 day
rainfalls (Table 3). The annual number of 1 h to 5 day rainfalls had significant decreasing trends at
8 to 21% (2 to 5 stations) of 24 available stations. At the estimated rates of 1.06 to 3.19 events/year,
the number of 1 h to 5 day rainfalls decreased by 33 to 99 events over the 31 year period of analysis.
Except for the 3–12 h and 2 day rainfalls, the 1–2 h, 1 day, and 3–5 day rainfalls also had significant
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increasing trends (1.05 to 3.25 events/year) at 4 to 8% (1 to 2) stations, suggesting an increase by 33
to 101 events. However, only the decreasing trends in the 3–6 h rainfalls were globally significant.
In contrast, the number of 6–7 day rainfalls exhibited more increasing than decreasing trends, although
no trends were globally significant. Each of the two rainfall regimes had locally significant increasing
trends (1.79 to 2.27 events/year) at 17% (i.e., 4 of 24) stations. In contrast, the number of 6–7 day rainfall
exhibited decreasing trends at 8 to 13% (2 to 3) stations at the rates of 2.48 to 2.51 events/year. Based on
the estimated rates and the analysis period, the 6–7 day extreme rainfalls increased and decreased,
respectively, by 55 to 70 and 77 to 78 events during 1980–2010.

3.3. Spatial Patterns of Trends

3.3.1. Spatial Patterns of Trends for the Magnitude of Annual Maximum Events

Spatial distribution of stations exhibiting increasing (upward) or decreasing (downward) trends
for annual maximum rainfalls indicated emerging patterns across Florida (Figures 3 and 4). The spatial
patterns were demonstrated by example rainfall regimes for the longest (1950–2010) and the shortest
(1980–2010) periods along with slopes (mm/year) of the locally significant trends.

During 1950–2010, 1 h rainfall exhibited prevalent increasing trends (albeit mostly non-significant)
across Florida (Figure 3a), except for 2 stations in the northeast region of St. Johns River Basin (Figure 1)
presenting non-significant decreasing trends. However, increasing trends at only 2 stations located in
the upper southwest Florida (Inglis) and Suwannee River Basin (Branford) were statistically significant
(see Figure 2 for the locations of cities and towns). Spatial patterns of the 2 and 6 h rainfalls (Figure 3b,c)
were largely similar to that of 1 h rainfall (Figure 3b). However, significant increasing trends in the
2 h rainfall were noted for a higher number of stations—located in northwest Florida (Graceville,
Branford), southwest Florida (St. Petersburg), upper St. Johns River Basin (Melbourne), and south
Florida (West Palm Beach). The stations in West Palm Beach, Melbourne, and Graceville also exhibited
significant increasing trends in the 6 h rainfall (Figure 3c). Among the daily extreme rainfall regimes,
the 1 day rainfall had a significant (increasing) trend at only the Melbourne station during 1950–2010
(Figure 3d).

During 1980–2010, mixed increasing and decreasing trends were observed for 1 h extreme rainfall
(Figure 4a). Significant increasing trends were noted in the northwest Florida (Tallahassee) and lower
St. Johns Basin (Jacksonville), while significant decreasing trends were apparent in west-central
St. Johns Basin (Lisbon) and south Florida (Boca Raton). Stations in southwest Florida exhibited
mostly increasing, but non-significant trends. Stations in the Suwannee Basin and lower south Florida
(e.g., Key West) showed non-significant decreasing trends. Spatial patterns of trends in 2 h extreme
rainfall (Figure 4b) were similar to that of 1 h rainfall, with some notable exceptions. For example,
the 2 h rainfall had non-significant increasing and decreasing trends, respectively, at the Jacksonville
and Boca Raton stations. Additionally, the Vero Beach station (upper St. Johns Basin) had a significant
decreasing trend for the 2 h rainfall. However, the medium to longer duration rainfalls exhibited
contrasting spatial distributions of the identified trends. For example, significant increasing trends
were found for 12 h (Figure 4c) and 5 day (Figure 4d) extreme rainfalls in south Florida (West Palm
Beach) and upper St. John Basin (Melbourne). Additionally, significant increasing trends were noted
in Jacksonville (lower St. Johns Basin) and Tampa (southwest Florida) for the 12 h and 5 day rainfalls,
respectively. However, significant decreasing trends were evident for both rainfall regimes in Suwanee
River Basin (Cross City). Further, the 5 day rainfall had a decreasing trend in Vero Beach of the upper
St. Johns Basin.
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Figure 3. Spatial pattern of the trend results for the annual maximum rainfalls of (a) 1 h, (b) 2 h, (c) 6 h,
and (d) 1 day durations for the 1950–2010 analysis period. The slope value (mm/year) for locally
significant trend is also indicated.

3.3.2. Spatial Patterns of Trends for the Number of Above-Threshold Events

During the longest analysis period (1950–2010), significant and predominant decreasing trends
were observed in the number of above-threshold events for 1 h rainfall (Figure 5a) for stations in
northwest Florida (Graceville), southwest Florida (Inglis, St. Petersburg, Venice, Venus), and in
St. Johns Basin (Melbourne, Marineland). However, the number of 1 h rainfall had a significant
increasing trend in south Florida (Boca Raton). The annual number of 2 h extreme rainfall (Figure 5b)
exhibited significant decreasing trends for the stations in Graceville, Branford, Inglis, and St. Petersburg,
representing northwest Florida, Suwanee River Basin, and southwest Florida. The stations in Venus
and St. Petersburg also had significant decreasing trends in the number of 6 h rainfall (Figure 5c).
In contrast, stations located in Graceville (northwest Florida) and West Palm Beach (south Florida)
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exhibited significant increasing trends in the number of 2 day rainfall (Figure 5d). However, most parts
of Florida had non-significant increasing/decreasing trends in the annual number of 6 h and 2 day
extreme rainfall regimes during the 61 year period.

 

 

 

Figure 4. Spatial pattern of the trend results for the annual maximum rainfalls of (a) 1 h, (b) 2 h, (c) 12 h,
and (d) 5 day durations for the 1980–2010 analysis period. The slope value (mm/year) for locally
significant trend is also indicated.

During the shortest period (1980–2010), the annual number of above-threshold events for 1
and 2 h rainfalls (Figure 6a,b) showed significant increasing trends in south Florida (Fort Myers),
while demonstrating significant decreasing trends in Suwanee River Basin (Cross City) and northwest
Florida (Panama City). Further, the number of 2 h extreme rainfall had significant decreasing trends in
southwest Florida (St. Petersburg) and upper St. Johns Basin (Vero Beach). The number of 6 h extreme
rainfall exhibited a prevalent and significant decreasing trends with the stations in Panama City,
Cross City, West Palm Beach, Vero Beach, and Marineland (Figure 6c). In contrast, the annual number
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of 7 day extreme rainfall (Figure 6d) had significant increasing trends in southwest Florida (Tampa),
south Florida (Boca Raton, West Palm Beach), and in upper St. John Basin (Melbourne). However,
similar to 2 and 6 h rainfalls, the stations in Cross City and Vero Beach exhibited significant decreasing
trends in the number of 7 day rainfall.

 

Figure 5. Spatial pattern of the trend results for the annual number of above-threshold events for
(a) 1 h, (b) 2 h, (c) 6 h, and (d) 2 day rainfalls during the 1950–2010 analysis period. The slope value
(events/year) for locally significant trend is also indicated.

4. Discussion

Overall, statistically significant dominant increasing trends were evident in the magnitudes of
short to medium duration rainfalls for the longest period (1950–2010) and in the magnitudes of medium
to longer duration rainfalls for the shortest period (1980–2010) (Table 2). In contrast, mostly decreasing
significant trends in the annual number of above-threshold events were found in short to medium
duration rainfalls for all four periods of analysis. Although statistically significant increasing only
trends in the annual number of 1–7 day (except for 2 day) extreme rainfalls were evident during
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1970–2010, more decreasing than increasing significant trends were noted in the number of 1–5 day
rainfalls during 1980–2010. However, the number of 6–7 day extreme rainfalls had more increasing
than decreasing trends during 1980–2010. Therefore, the trends in the frequencies of the 1–5 day
extreme rainfalls were rather inconclusive. However, the magnitude of annual maximum rainfalls,
as well as their number of above-threshold events, typically exhibited a higher rate of change per year
during the more recent periods.

 

Figure 6. Spatial pattern of the trend results for the annual number of above-threshold events for
(a) 1 h, (b) 2 h, (c) 6 h, and (d) 7 day rainfalls during the 1980–2010 analysis period. The slope value
(events/year) for locally significant trend is also indicated.

Our findings complemented previous studies for Florida and elsewhere in the world, indicating the
transferability of our results especially to tropical and subtropical regions. For example, Luong et al. [17]
found more intense (increasing magnitudes), but less frequent (decreasing number of events) extreme
rainfalls over Jeddah, Saudi Arabia during 1979–2018. Nkrumah et al. [58] reported a similar pattern
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in the trends of magnitude and frequency of extreme rainfalls along the coast of southern West
Africa during 1990–2010. Bisht et al. [59] found dominant increasing trends in 1–5 day extreme
rainfall magnitudes in India; they suggested urbanization and climatic factors (e.g., temperature) as
possible drivers of these rainfall trends. Notaro et al. [60] reported increasing trends in the amounts
of hourly extreme rainfalls during 1950–2008 in southern Italy. Syafrina et al. [61] found overall
increasing trends in hourly extreme rainfalls in peninsular Malaysia during 1975–2010, suggesting
contributions from the potentially changing convective storm systems. Guerreiro et al. [62] suggested
the rising temperature as a key cause for the increasing magnitudes of hourly rainfall extremes over
Australia during 1990–2013. Herath et al. [63] reported increasing linkages of short duration extreme
rainfalls with temperature across south-western, southern, and south-eastern coasts of Australia during
1908–2010. Peterson et al. [29] attributed the increasing trends in extreme rainfalls over North America
during 1970–2000 to global warming. Feng et al. [64] attributed the increasing trends in springtime
extreme rainfall magnitudes to more frequent and intense convective storms in the central U.S. Niyogi
et al. [65] reported a slight decrease in extreme rainfall amounts and frequencies during 1958–2008
over the southeastern U.S. However, they also found an overall increasing trend in extreme rainfalls
over urban areas across the eastern U.S. In contrast, van Oldenborgh et al. [66] and Wang et al. [67]
attributed the intensification of extreme rainfall events along the Gulf of Mexico in recent decades to
the global warming phenomena.

We posit that the dominant increasing trends in the magnitudes of short to medium duration
extreme rainfalls during 1950–2013 over Florida were likely caused by the increasing surface
temperatures [9,33], which is often used as a proxy for anthropogenic forcings such as increasing
greenhouse gas emissions and land use/cover changes. In contrast, the dominant decreasing trends
in the annual frequencies of short to medium duration rainfalls over Florida for our four periods
of analysis could be attributed to a combination of anthropogenic forcings and natural variability
represented by ENSO, PDO, North Atlantic Oscillation (NAO), and AMO [31]. The anthropogenic
effects (specifically rising temperature) might have led to more intense convective storms of hourly
durations, whereas their frequencies could have been impacted by both the anthropogenic forcings and
naturally-occurring large-scale inter-annual to multi-decadal ocean-atmospheric oscillations. However,
Teegavarapu et al. [35] detected significantly increasing trends in the magnitude of extreme rainfalls
with duration longer than 1 day during the AMO’s warm phase of 1995–2010 in Florida. They associated
the increasing trends in the longer duration extreme rainfalls with the increased landfalls of tropical
hurricanes and storms in the region. Knight and Davis [68] also indicated increasing contributions
of tropical cyclones to the extreme precipitations during 1972–2007 in the southeast Atlantic coast.
The findings were consistent with the dominant increasing trends in the magnitudes of 1–7 day rainfalls
over Florida during 1980–2010 in our study.

Irizarry-Ortiz et al. [9] found decreasing only significant trends in the magnitude of 2 day extreme
rainfall for 2 out 32 stations located across Florida during 1950–2008. They also reported significant
increasing and decreasing trends in the magnitude of 3 day extreme rainfalls at 1 and 2 stations,
respectively. Further, they found significant increasing trend in the magnitude of 7 day extreme rainfall.
Despite these trends representing a small percentage of total stations, their results might be considered
somewhat in contrast with our findings of no significant trends in the magnitude of 2–7 day extreme
rainfalls during 1950–2010. The discrepancy might have occurred due to the different sets of gauging
stations in the two studies. However, Irizarry-Ortiz et al. [9]’s results on the trends in the number of
extreme events for 2–7 day extreme rainfalls were in agreements with our findings (Table 3).

Quality of dataset is an important criterion for trend analysis. The hourly precipitation dataset
for this analysis was subjected to rigorous quality control procedures by the National Climatic
Data Center [46]. Further, much precaution was taken in this study to select stations with least
inhomogeneities (typically caused by movement of stations). Other sources of uncertainty include
outlying and missing data, which can impact the trend results, specifically using parametric methods
such as the ordinary least squares regression. However, we have used Mann-Kendall non-parametric
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method, which is known to be relatively robust to outliers [33,36–38]. Further, stations having more
than four missing years in any period of analysis were excluded in our study to avoid any potential bias
of excessive missing data in the trend results. The spatiotemporal correlation structures of time-series
data can also impact the outcomes of a trend analysis [51]. We utilized a trend-free pre-whitening
approach [51,53,54] to correct the extreme rainfall time-series for autocorrelations. We also employed a
bootstrap resampling approach to account for cross-correlations across sites and evaluate the global
significance of trends. The global significance indicated whether the number of rainfall stations with
locally (at-site level) significant trends had exceeded the number expected to occur by chance.

5. Conclusions

We computed the long-term trends in the extreme rainfall regimes of Florida by employing the
non-parametric Mann-Kendall test and Theil-Sen slope estimator for four analysis periods: 1950–2010,
1960–2010, 1970–2010, and 1980–2010. The local and global significance of trends were evaluated at the
10% level (i.e., p-value ≤ 0.10). During the longest period (1950–2010), significant increasing trends
were found in annual maximum rainfall magnitudes of 1–12 h and 1 day durations, whereas 2–7 day
extreme rainfalls had no significant trends. However, only the increasing trends in the 2–12 h extreme
rainfalls were globally significant (i.e., exceeded the trends that could occur by chance). The trend
patterns changed in the more recent, shorter study periods. During the shortest period (1980–2010),
magnitudes of 6–12 h and 1–7 day extreme rainfalls had dominant increasing trends, whereas 1–3 h
rainfalls exhibited mixed increasing and decreasing trends. However, none of the detected trends
during 1980–2010 were globally significant.

The annual number of above-threshold events (frequency) exhibited dominant decreasing trends
for 1–6 h rainfalls in all four time periods. Trends in the annual number of 12 h to 7 day extreme rainfalls
were not found significant during 1950–2010 (except for 2 day rainfall) and 1960–2010 (except for 7 day
rainfall). However, the number of 1 day and 3–7 day extreme rainfalls had locally significant increasing
trends during 1970–2000. In contrast, during 1980–2000, dominant decreasing and increasing trends
were found, respectively, in the number of 1–5 day and 6–7 day extreme rainfalls. However, only the
decreasing trends in the number of 1–3 h, 1–6 h, and 3–6 h extreme rainfalls were globally significant
during 1950–2010, 1960–2010, and 1980–2010, respectively.

In summary, our study suggested less frequent (decreasing number of events), but more
intense (increasing magnitudes) extreme rainfall regimes of short to moderate durations over Florida
(globally significant) during 1950–2010. In contrast, locally significant dominant increasing trends were
evident in the magnitudes of medium to longer duration rainfalls during 1980–2010. Further, we found
higher rates of change per year in both magnitudes and frequencies of these extreme rainfall regimes
during the more recent study periods. The changing extreme rainfall regimes would pose formidable
challenges for water resources management in Florida. The low elevations, flat topography, and growing
urban centers make Florida particularly vulnerable to flooding under a changing climate and rising
sea level. Heavy rainfalls can lead to pluvial (due to rainfall accumulation in the watershed) and
fluvial (due to overflowing river) floods, which have enormous impacts on human lives and properties.
The detected trends in extreme rainfall would guide local and regional water management authorities
to plan for necessary mitigation and adaptation strategies. The presented spatial distributions of
significant trends can help set regional priorities for flood mitigation and management. The research
findings can, therefore, aid in updating stormwater management infrastructure and practices in
complex urban-natural environments of Florida and in tropical/subtropical regions around the world.
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